Binary metal oxides are considered as effective catalysts owing to their excellent oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) activity. In this report, NiCo 2 O 4 nanotube with hierarchical porous structure is synthesized through a hydrothermal method and following annealing. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) show its morphology of nanotube and subunit of nanoflake. BET N 2 adsorption-desorption test shows a high specific surface area of 129.03 m 2 g -1 and hierarchical pores ranging 2-5 nm. When used as lithiumoxygen batteries electrocatalyst, it evidently reduces overpotential (2.64/3.92 V) and improves the specific capacity (1979 mAh g -1 ) and cycle life (42 cycles) of the cell.
INTRODUCTION
Lithium-oxygen battery has gained much attention from new energy storage researchers worldwide because of its high theoretical energy density (5200 Wh kg -1 ) [1] . However, its practical application is hindered by low power density, energy efficiency, short cycle life [2, 3] . A proper bifunctional electrocatalyst is a key to these problems [4, 5] . Carbon material including graphene [6] , nanotube [7] , carbon nanofiber [8] , carbon spheres [9] have been widely investigated. Because of high electron conducting ability, hierarchical pore structure and low density, many carbon materials show outstanding specific capacity and high charge overpotential. In a carbon-based lithium-oxygen battery, discharge products are decomposed above 4.0 V in which carbon and electrolyte will also be decomposed. This will induce improved overpotential and shortened cycle life. So that carbon material loading with sufficient bifunctional catalyst is relatively excellent choice because catalyst will lower Li 2 O 2 decomposition voltage. Precious metal [10] , metal oxide [11] , metal sulfide [12] , metal nitride [13] are deeply investigated as Lithium-oxygen cathode electrocatalyst. Among them, binary metal oxide [14] [15] [16] [17] [18] shows great potential because single metal oxide can only play a role in accelerating one of oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). According to previous research, nanostructure of cathode electrocatalyst is highly related with its performance in lowering overpotential, improving specific capacity and prolonging cycle life. Its intrinsic character of high specific surface area, abundant active sites and better electron conductivity is beneficial to lower ORR and OER overpotential. Porous structure is important for transportation of O 2 and electron, immersion of electrolyte and deposition of discharge products. Uniformly porous binary metal oxide [16] and hierarchical porous carbon material [19] [20] [21] [22] have been widely investigated as lithium-oxygen cathode electrocatalyst. In previous researchers' work [23] , mesoporous are suggested to be beneficial to Li + , O 2 diffusion and macropores are suggested to provide space for Li 2 O 2 deposition. Herein a binary metal oxide with nanotube morphology and hierarchical pore distribution is synthesized with two steps. Its catalysis effect as cathode electrocatalyst in lithium-oxygen batteries is also investigated.
EXPERIMENTAL SECTION

Nickel Cobaltate nanotube synthesis
The material is synthesized according to the literature [24, 25] with little modification. In a typical method, 0.25 g Ni(Ac) 2 ·4H 2 O and 0.5 g Co(Ac) 2 ·4H 2 O were dissolved into 6 mL of 1,3-isopropanediol. Then 94 mL of isopropanol were added into above solution with stirring for 0.5 h. After that, the mixed solution was transferred into a Teflon-lined stainless steel autoclave and heattreated at 160 ℃ for 12 h. After naturally cooling to room temperature, the layered dihydroxide (LDH) precursor was separated by centrifugation, washed with ethanol for three times and dried at 40 ℃ for 12h. Then the light green precursor was annealed in 300 ℃ for 2 h and the NiCo 2 O 4 black powder was obtained.
Physical and electrochemical characterization
The crystal structure, morphology, and specific surface area of the as-synthesized samples were examined with powders X-ray diffraction (XRD) (Bruker D8 Advance X-ray diffractometer) with Cu Kα radiation, field-emission scanning electron microscopy (FE-SEM, HitachiS-4800A), transmission electron microscopy (TEM, JEM-2100F) and Brunauer-Emmett-Teller (BET) analysis (Quadrasorb SI Automated Analyser). The cycled electrodes were also analyzed by SEM and Fourier-transform infrared reflection (FTIR) (Shimadz IRPrestige-21).
The oxygen electrode was prepared as follows: an ink slurry composed of catalyst, super-P and polyvinylidene fluoride (PVDF) with 2:6:2 ratio was stirred and painted onto Celgard 3500 menbrame, and dried under vacuum in 80℃ for 12h. As a comparison, the super-P mixed with XC-72r electrode was composed of 20 wt% Vulcan XC-72r carbon black, 60 wt% super-P, and 20 wt% PVDF. The super-p electrode was composed of 80 wt% super-P and 20 wt% PVDF. The O 2 electrode was punched into small disks with diameter of 14 mm. The loading on each electrode is about 1.0-1.5 mg, while the specific capacity is calculated on the mass of carbon and the catalyst. The tested battery was assembled by stacking Li foil, electrolyte, O 2 electrode and current collector in a swagelok cell. The electrolyte is composed of 0.5 M lithium bis(trifluoromethanesulphonyl) imide (LiTFSI) in tetraethylene glycol dimethoxyethane (TEGDME). The cell was assembled in an argon-filled glovebox and tested in an O 2 filled glovebox. The galvanostatic charge/discharge measurements were conducted using Land BT2000 test system (Wuhan Land Electronic Co. Ltd. China) between 2.0 V and 4.4 V in different current density. The cyclability was conducted with restricted specific capacity of 500 mAh g -1 until the terminal discharge voltage falls below 2.0 V. Electrochemical impendence spectroscopy (EIS) of the cell at different states were measured on an electrochemical workstation (Zahner IM6e). All of the tests were carried out at room temperature. Fig. 1a shows the powder XRD pattern of the layered dihydroxide (LDH) precursor. Two diffraction peaks can be assigned to (003) and (009) lattice planes, indicating the precursor is of 2D dimensional layered structure. XRD patterns showed in Fig. 1b are consistent with PDF card (20-1781), indicating cubic NiCo 2 O 4 is formed after annealing. Evolution of CO 2 and H 2 O will produce various pores in the maintained nanoflake structure. Fig. 2a shows a typical type-Ⅲ adsorption-desorption isotherms with H3 loop. It suggests the pores are mainly uniform mesoporous. The flakelike subunits also aggregate forming macropores. BET specific surface area of the sample is measured to be 123.09 m 2 g -1 . In Fig. 2b , pore size is calculated to be around 4 nm and 6 nm according to Barrett, Joyner and Halenda (BJH) method. These mesoporous are mainly produced by the removal of CO 2 and H 2 O and the structural contractions accompanied with the decomposition of the precursors [24] . In SEM images (Fig. 3a) , the LDH precursors show a morphology of nanotube comprised of nanoflakes. Diameter and length of the nanotube is about 500 nm and 1.5 μm respectively. After annealing, Fig. 3b shows the nanotube structure is maintained with integrity while the dimension is about 400 nm and 1.5 μm respectively. Fig. 3c shows a typical subunit of the nanotube, which is also composed of small crystal powders. Mesoporous ranging from 2 to 5 nm are distributed in the nanosheet randomly, which is in agreement with the BET results. In Fig. 3d, Galvanostatic charge/discharge measurements were conducted to intercept the catalysis function of the catalyst in lithium-oxygen battery. At current density of 0.05mA cm -2 , the first-cycle discharge and charge specific capacities of NiCo 2 O 4 -based battery are 1979.4 mAh g -1 and 1976.8 mAh g -1 respectively, which are both prolonged evidently compared to super-P based battery (Fig. 4a) .
RESULTS AND DISCUSSION
Besides extended specific capacity, the average voltage of the charge reaction (OER) is evidently reduced from 4.14 V to 3.92 V, indicating the excellent OER catalysis activity of the NiCo 2 O 4 catalyst.
Apparently most discharge products are decomposed below 4.0 V. In Fig. 4b , with the increase of the current density, both discharge and charge specific capacity decreased. At current density of 0.1 mA cm -2 and 0.2 mA cm -2 , the discharge specific capacity is 1346 mAh g -1 and 901 mAh g -1 . Notably, average voltage of charge decreased with the increase of the discharge current density. This phenomenon was because that smaller Li 2 O 2 powders were generated at higher current density, which can be decomposed in relatively lower voltage [26] . Electrochemical impendence spectroscopy (EIS) was used to study the resistance variation of the cell under different stages. An intermediate frequency semicircle and a low frequency tail were observed in Fig. 5a . The intermediate frequency semicircle represents charge transfer resistance (R ct ) so that it can reflect the amount of deposition in the cathode. R ct after recharge is smaller than R ct after discharge and still larger than R ct before discharge. Products (Li 2 CO 3 and LiRCO 3 (R=alkyl)) that can't be decomposed by charge should be responsible for this increase [27] . FTIR spectrogram of electrode was used to intercept the discharge products and reversibility of the cell. In Fig. 5b , Li 2 CO 3 and Li 2 O 2 are both detected in cathode after discharge, though their characteristic adsorption peaks disappear after recharge. Because Li 2 CO 3 will not be decomposed in charge [28] , it is assumed to be product of Li 2 O 2 with CO 2 in air. Fig. 5c, d , e, f show the SEM images of the electrode surface at different stages. Before 1 st discharge, super P and the catalyst are dispersed uniformly and homogeneously on the cathode, forming a number of accumulated pores. After 1 st full discharge, the film-like discharge products grow along the electrode surface and completely cover the holes. However, after charge, the holes and electrode surface are recovered with the decomposition of the discharge products. As we can see in Fig. 5f , discharge products can still be mostly decomposed even after 20th cycles. This results show the excellent reversibility of the cell with NiCo 2 O 4 nanotube as cathode electrocatalyst.
CONCLUSION
In summary, NiCo 2 O 4 nanotube consisted of nanoflakes was synthesized with hydrothermal reaction and following annealing. The specific morphology, hierarchical pores and binary metal synergistic effects of NiCo 2 O 4 nanotube make the lithium-oxygen batteries used NiCo 2 O 4 -based electrodes exhibit improved battery performance, such as evidently improved energy efficiency (2.64/3.92 V), specific capacity (1979 mAh g -1 ) and cycle life (44 cycles).
